Di-lepton searches for Beyond the Standard Model (BSM) Z bosons that rely on the analysis of the Breit-Wigner (BW) line shape are appropriate in the case of narrow resonances, but likely not sufficient in scenarios featuring Z states with large widths. Conversely, alternative experimental strategies applicable to wide Z resonances are much more dependent than the default bump search analyses on the modelling of QCD higher-order corrections to the production processes, for both signal and background. For heavy Z boson searches in the di-lepton channel at the CERN Large Hadron Collider (LHC), the transverse momentum qT of the di-lepton system peaks at qT ∼ < 10 −2 M ll , where M ll is the di-lepton invariant mass. We exploit this to treat the QCD corrections by using the logarithmic resummation methods in M ll /qT to all orders in the strong coupling constant αs. We carry out studies of Z states with large width at the LHC by employing the program reSolve, which performs QCD transverse momentum resummation up to Next-to-Next-to-Leading Logarithmic (NNLL) accuracy. We consider two benchmark BSM scenarios, based on the Sequential Standard Model (SSM) and dubbed 'SSM wide' and 'SSM enhanced'. We present results for the shape and size of Z boson signals at the differential level, mapped in both cross section (σ) and Forward-Backward Asymmetry (AFB), and perform numerical investigations of the experimental sensitivity at the LHC Run 3 and High-Luminosity LHC (HL-LHC).
I. INTRODUCTION
The physics of Z bosons has been extensively studied in the literature. For an exhaustive review, e.g., see Ref. [1] . There are numerous BSM scenarios in which the predicted Z boson is characterised by a large width Γ Z . Examples of these include Technicolour [2] and Composite Higgs Models [3] [4] [5] [6] , where additional Z boson decay channels into exotic particles can take place. Model configurations also exist where the Z boson generally couples to the first two generations and the third one differently [7, 8] . It is notable that the couplings to the latter are not constrained by the most stringent Z searches, i.e., those in Drell-Yan (DY) di-electron and di-muon channels [9] [10] [11] [12] [13] [14] . Large Γ Z /M Z values can result from such phenomena. A wide Z resonance does not have an easily observable narrow BW line shape, instead it appears as a broad shoulder spreading over the SM background. In the above circumstances, the ratio Γ Z /M Z can easily reach a magnitude of 50%, making a classical narrow BW line shape based analysis inappropriate. Alternative experimental approaches can be applied to the case of a wide Z resonance. Non-resonant searches, such as simply counting the number of events appearing above a certain lower threshold in the di-lepton invariant mass spectrum and comparing this measured value with the theoretical SM expectation, are for example performed. Another approach is to make use of additional observables supporting and/or complementing σ mapped in the di-lepton invariant mass M ll . In this context, a simple observable that has been shown to be quite effective is A FB [15] [16] [17] [18] [19] [20] .
Counting strategies rely heavily on the knowledge of the SM background in the large invariant mass region. Experiments generally use a combination of information from Monte Carlo (MC) simulation and data to estimate the SM background in the high-mass region of interest. An example approach is to parameterise a functional form using simulation and then constrain the overall amplitude using a low-mass control region assumed to be free from significant new physics content. This then provides a background estimate in the signal region of interest. The quality of this estimate will be subject to systematic uncertainties due to the theoretical understanding of the background, such as those due to Parton Distribution Functions (PDFs) or to missing higher order terms in theoretical calculations. As a result, having QCD corrections to the di-lepton spectrum well under control is of significant importance. Since A FB is a ratio quantity some systematics will cancel and it is expected that QCD higher-order corrections will be lower than in the case of cross sections (and so their residual systematics). This was established to be the case for the PDF error in Ref. [16] , in fact, to the extent that the differential A FB in combination with the differential σ can even be used to improve PDF fits over a wide di-lepton invariant mass range of neutral DY final states [21] [22] [23] [24] [25] [26] . As the shape of dσ/dM ll and dA FB /dM ll can change by factors that do not correspond to a trivial overall rescaling factor, one has to account for such QCD effects in the relevant experimental searches. In fact, it is of crucial importance to determine the impact of such corrections not only in these two differential distributions but also on the variables used for the selection of neutral DY events, i.e., the individual lepton transverse momentum (p l T ) and pseudorapidity (η l ), as these may also be affected non-trivially. This paper is motivated by the observation that, in the multi-TeV mass range of Z boson searches, the transverse momentum q T of the di-lepton system peaks at values much smaller than its invariant mass, q T ∼ < 10 −2 M ll . We thus exploit the fact that the peaks in the q T and M ll distributions are two orders of magnitude apart to treat QCD higher-order corrections by using resummation techniques [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . These techniques take into account logarithmicallyenhanced contributions α k s ln n (M ll /q T ) (n ≤ 2k) to the differential cross section to all orders in α s with NNLL accuracy, and neglect power suppressed contributions of order O(q T /M ll ). A number of computational tools implementing this method are available [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Currently, a benchmarking exercise based on these tools is being performed within the LHC Electroweak Working Group [56] in the context of precision DY studies in the SM. (Further information may be found in Ref. [57] .) In this paper, we use the code reSolve described in [40] , modified for our purposes to include the Z boson contribution to the DY-channel in addition to the default SM ones (γ, Z).
The plan of this paper is as follows. In Sec. 2 we describe two illustrative theoretical frameworks embedding a Z boson of significant width, which are called 'SSM wide' and 'SSM enhanced', where each is a variant of the SSM scenario [58] . In Sec. 3 we present the results, and give conclusions in Sec. 4.
II. BENCHMARK MODELS
In this section, we introduce the benchmark models that we use to implement Z resonances with large width. The model taken to be a reference model by the LHC experimental collaborations, ATLAS and CMS, when searching for wide Z bosons, is the SSM [58] with the standard couplings given in [59] . We consider two variants of this model, which we call 'SSM wide' and 'SSM enhanced.
In the SSM wide variant, the resonance width is enhanced by the opening of extra invisible decay channels. The chiral couplings to ordinary matter are unchanged with respect to the usual SSM model, while the resonance width is modified so as to have Γ Z /M Z = 10%. In this scenario the resonance peak still has a BW line shape but it is broad enough to possibly escape detection via the standard bump hunt method. In the SSM enhanced case, a different mechanism is used and in this case the resonance width is enhanced by increasing the coupling between the Z boson and the ordinary matter. We rescale the couplings by a factor of three with respect to the usual SSM model. We set the model parameters so that the Z resonance is beyond the current sensitivity of the ATLAS [60] and CMS [61, 62] experiments at the LHC. In order to extract the bounds on the Z boson mass and couplings, we use the computer codes of Refs. [16, 63] . There, the significance of the BSM signal is estimated from the partonic cross section evaluated at Leading Order (LO) and convoluted with CT14NNLO PDF [64] , with the addition of a mass dependent k-factor accounting for Next-to-LO (NLO) and Next-to-NLO (NNLO) QCD corrections [65, 66] and acceptance as well as efficiency factors for both the di-electron and di-muon final states given in Ref. [67] . We then combine the significance for each of the two di-lepton channels to obtain the overall significance of the Z resonance. In this way, we estimate the latest limits coming from the LHC Run 2 data analysis and set the benchmark model parameters accordingly.
Mass, width-to-mass ratio and couplings to the ordinary matter of the Z boson within the two chosen benchmark scenarios are summarised in Tab. I.
III. NUMERICAL RESULTS
In this section, we show the results obtained by using the MC program reSolve [40] , which performs the described transverse momentum resummation. This is a tool to compute differential distributions for colourless final states in hadron-hadron collisions, incorporating Born-level matrix element and QCD transverse momentum resummation [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] up to NNLL accuracy. The initial public version, reSolve-1.0 [40] , focussed purely on the Standard Model, however for the benefit of this analysis it has been complemented with the addition of Z boson production and decay, including interference with the SM γ, Z contribution. A complete description of the new version of the code will be given elsewhere [68] . Here, we just summarise the main features.
The resummed calculation implemented in reSolve is designed to take into account QCD higher-order logarithmic corrections of the type α k s ln n (M ll /q T ), n ≤ 2k, to the differential cross section dσ/(dq T dM ll dY dΩ) (where q T , M ll and Y are the di-lepton transverse momentum, invariant mass and pseudorapidity, while Ω represents any additional variables internal to the final state that may be needed to fully define its phase space) up to NNLL for any k, by neglecting power-suppressed contributions of order O(q T /M ll ) at each order k ≥ 1. The use of this tool for the calculations that follow is motivated by the fact that our search window is in the large invariant mass region, M ll ≥ 3TeV, while the di-lepton transverse momentum distribution peaks around q T ∼ O(10 GeV). The contributions from the non-logarithmic high-q T tail of the distribution are thus expected to be power-suppressed in the Z relative to the SM case. Given that the transverse momentum spectrum is strongly peaked at low transverse momenta, the approximation adopted should account for the majority of the contributions to the total cross section.
In Fig. 1a , we show the distribution in the transverse momentum of the di-lepton system for the SM and the SSM wide scenario with M Z = 4.5 TeV. We select the invariant masses in the range 3150 GeV ≤ M ll ≤ 5850 GeV, which corresponds to the search window M Z − 3Γ Z ≤ M ll ≤ M Z + 3Γ Z relevant to our studies. Clearly, the presence of the hypothetical Z boson causes a relatively uniform increase in the q T spectrum of about a factor of 3, compared to the SM values, at least in the low transverse momentum part dominated by the resummed contributions. Similar effects are seen for the SSM enhanced scenario. This is a pure NNLL prediction. The error bars shown in the plot are the MC errors. The statistical significance of the q T distribution will be discussed later for the two benchmark models, separately. Here, we just highlight the introductory features coming from the NNLL calculation, as compared to the Born result. In Fig. 1b , we show the effect of the resummation on the di-lepton invariant mass spectrum in the SSM wide scenario with the same mass as before, M Z = 4.5 TeV. Here, we see that higher-order corrections monotonically increase the differential cross section, moving from low to high invariant masses, reaching a roughly 50% magnitude at the right end of the spectrum.
Next, we consider the effect of a possible Z boson on the acceptance by examining the distributions in the transverse momentum and pseudorapidity of the individual leptons detected, at the NNLL order. As before, we compare the SSM wide scenario with a representative Z boson mass M Z = 4.5 TeV to the SM results. The presence of a wide Z boson produces a larger differential cross section across all points in both differential cross sections, as expected. In particular, the ratio BSM/SM has a major increase at large absolute values of the lepton pseudorapidity and at the Jacobian peak of the lepton transverse momentum distribution. The acceptance however is not sensitive to higherorder corrections. Tab. II summarises the acceptance in transverse momentum and pseudorapidity of the individual leptons in the final state.
Then, we consider the discovery potential of the LHC for the wide Z boson predicted by the SSM wide and SSM enhanced scenarios, by employing two different techniques: the invariant mass event counting and the associated measurements of the spectrum and of three other support variables, i.e., A FB , the minimum transverse momentum of a single lepton, p min T , and the transverse momentum of the di-lepton system, q T . For these calculations, a 9-point scale variation was performed in reSolve varying the renormalisation and factorisation scales by a factor of 2 around their default values and also, independently of this, varying the resummation scale by a factor of 2 up and down. As a result, we found that the scale dependence is negligible in comparison to the statistical errors for the cases we consider. We therefore omit its error band, as well as the MC errors (indeed sub-dominant), in the upcoming figures. Statistical error bands only are shown and only for the NNLL cases.
We first discuss the SSM wide scenario. For this case, we consider an integrated luminosity of 3000 fb −1 corresponding to the HL-LHC. Fig. 2a presents the number of events versus the di-lepton invariant mass within the SM and the SSM wide scenario, calculated at both LO and NNLL. The error bands are purely statistical, as they completely dominate over the MC errors from our calculation with reSolve and over the scale dependence. The Z resonance peak at M Z = 4.5 TeV is clear and outside of the statistical errors, indicating that this model could be detected at the HL-LHC through the di-lepton event counting analysis.
A FB for the same scenario is presented in Fig. 2b . As before, we show both the SM and the SSM wide scenario at LO and NNLL order. The large error bands represent the statistical uncertainty on the A FB as calculated according to [17] . The stability of the A FB to the higher orders is demonstrated, while the complementarity of the A FB to the invariant mass spectrum is also clear, with the A FB in the SSM wide scenario deviating from the SM at lower invariant masses and peaking well before the Z boson on-shell mass, M Z = 4.5 TeV. However, in this case the larger statistical uncertainty associated with A FB suggests that the event counting analysis would offer greater promise. Any evidence in this spectrum could be made stronger by the additional measurement of the minimum transverse momentum of a single lepton, p min T , and the di-lepton transverse momentum, q T , given in Fig.s 2c and 2d . We then analyse the SSM enhanced model. For this case, we assume an integrated luminosity L = 300 fb −1 corresponding to the value expected at the LHC Run 3. Fig. 3a displays in the main plot the invariant mass spectrum for the SSM enhanced scenario with M Z = 5 TeV compared to the SM. We plot both the LO and NNLL results. The QCD corrections increase with the di-lepton invariant mass, reaching a 50% magnitude over the LO result at the Z boson peak. The statistical uncertainties are represented by the error bands on the NNLL results. The presence of a wide Z boson in this case causes a "shoulder" in the invariant mass spectrum beginning at around 3 TeV and continuing beyond 5 TeV. The potential excess of events as compared to the SM background is clearly evidenced in the BSM/SM ratio presented in the sub-plot, where the value of the ratio raises from 50 to 400 in the 4000 GeV ≤ M ll ≤ 5000 GeV mass window. However, in reality, for the projected luminosity at the LHC Run 3 the total number of events that one could count starting from a lower invariant mass threshold of 3 TeV is fairly small. On top of that, the width is so large that no discernible structure assignable to a Z may exist in the cross section mapped in the invariant mass of the di-lepton pair. Due to the extreme lack of statistics and of any truly observable resonant peaking structure, no strong claim could then be made on the existence of new physics. We therefore consider other possible observables that may have distinctive trends that are significantly different from SM expectations, which may be exploited to establish a signal in neutral DY final states. For a wide Z boson, interference effects between the BSM signal and SM background in such channels are significant. This implies two key aspects of the associated phenomenology. Firstly, unlike in the case of a narrow resonance where the BW peak position, giving the Z boson mass, can readily be identified in a model-independent way, the broad structure in the dσ/dM ll distribution can no longer be optimally sought by assuming a narrow resonance signal structure. Secondly, other spectra such as dA FB /dM ll , dσ/dp min T or dσ/dq T may show the aforementioned distinctive features away from the Z peak itself, including in the low invariant mass tail where one would naively expect the SM to dominate. While it becomes impossible to design a model independent experimental search giving the best possible sensitivity in all cases, it conversely becomes possible to readily identify the underlying theoretical BSM scenario in presence of a signal.
We first consider A FB , which has the advantage that it is constructed from a ratio of cross sections (dσ/dM ll ) and hence benefits from the cancellation of both experimental and theoretical systematic effects, as already intimated. Conversely, the statistical error is much larger for A FB than it is for dσ/dM ll . Hence, the relative advantages of these observables depends on the amount of integrated luminosity available at the LHC. Fig. 3b shows the A FB observable in the SSM enhanced scenario. Once more the experimental statistical error bands dominate over the theoretical sources given by MC errors and scale dependence. The latter are therefore not shown. Again both the stability of the A FB observable with respect to higher orders and its complementarity to the invariant mass spectrum are clear. For the forward-backward asymmetry the Z boson contribution, in fact, deviates from SM expectations at a level greater than the expected experimental statistical errors at invariant masses much lower than those where the "shoulder" starts to emerge over the SM di-lepton mass spectrum. Here, considering the region just above M ll ≥ 1 TeV where the A FB starts showing the effect of the presence of a Z boson, the number of events is much larger than in the region in the mass spectrum where departures from the SM expectation are observable, having of order one thousand events. Moreover, the A FB shows a very well defined structure that significantly deviates from the SM yield. In the case of such a wide Z boson, the measurement of A FB could be decisive for a discovery.
To support any preliminary evidence, one can consider other observables to tackle the search. One could consider the distribution in the minimum transverse momentum of a single lepton, p min T , as shown in Fig. 3c . Here we observe the relic of the Jacobian peak, flattened by the fact that the Z boson is quite wide in this model. This peak is however more pronounced than the deviation in the falling cross section of the di-lepton mass spectrum, thus potentially helping to estimate the mass M Z . A third variable of interest is the differential cross section in the transverse momentum of the di-lepton pair, q T . We see that in a search window around the Z boson mass, 4000 GeV ≤ M ll ≤ 6000 GeV shown in Fig. 3d , the q T distribution is enhanced by the presence of the hypothetical Z boson by a factor of one hundred or more compared to the SM background. This effect is concentrated in the low q T range, as expected (see also Fig. 1a ), and is statistically significant. The measurement of q T could therefore support the observation of an excess of events (a few) in the di-lepton spectrum and of a deviation (sizeable) in the shape of the A FB , strengthening the experimental evidence in the event of the presence of new physics. In addition to the excess of events predicted in both scenarios, either around the Z resonance peak for the SSM wide case or spread over the shoulder for the SSM enhanced model, we also see a depletion of events at lower invariant masses due to the interference of the Z boson contribution with the SM γ, Z one. This is shown in Figs. 2a and 3a , however it is unclear due to the larger ranges and so we show zoomed-in versions focusing on the lower invariant mass portions in Fig. 4 . In both scenarios the depletion of events in the Z case relative to the SM is statistically significant over at least part of this range. In the SSM enhanced case of Fig. 4b this effect is greater and extends over a wider invariant mass range and so is more promising. In this case a depletion of about 20% of the events for the SSM enhanced scenario considered could in principle be observed in the 1000 GeV ≤ M ll ≤ 1500 GeV mass window. In conjunction with the shape difference seen at relatively low invariant masses in the A FB , these effects at considerably lower invariant masses than the resonance peak may offer a further means of probing Z physics.
IV. CONCLUSIONS
The A FB observable in Z physics, other than being a time-honoured diagnostic probe, has recently been established to also be a discovery tool at the LHC whenever the new neutral massive gauge boson is wide, i.e., it displays a large ratio between its width Γ Z and mass M Z . The advantages in this respect are twofold. Firstly, A FB may reveal experimentally non-trivial structures in the invariant mass even when the cross section loses altogether its striking BW appearance. Secondly, it is much more stable than the latter in relation to systematic uncertainties from both the experimental and theoretical side, owing to A FB being a ratio of cross sections. The first feature has been proven to be true quantitatively for a variety of Z models whereas the second one has recently been demonstrated for the case of the PDF error. Herein, we have complemented this last result by proving the stability of the A FB also against higher-order effects entering the hard scattering, in the form of the leading resummed QCD perturbative corrections. Indeed, since it is most often the case that A FB ought to be combined with cross section (σ) measurements in order to both achieve Z discovery and successfully diagnose its properties, we have extended the treatment of such higherorder QCD effects also to the case of differential σ observables. Crucially, this ought to be done not only for di-lepton quantities, but also for single lepton ones, in order to ensure that the acceptance region of the detector is not returning different efficiencies in the presence of a wide Z (or these can be corrected for), with respect to the SM case. Here, we have studied all this using two benchmark scenarios, so-called 'SSM wide' and 'SSM enhanced', wherein the Z is always sufficiently wide that sensitivity to it, above and beyond the SM yield, may first emerge in the low-mass tail of the di-lepton mass distribution, rather than the peak region, no matter its shape (being indeed more BW-like in the former than in the latter case). As the potential observation of such phenomenological effects is more dependent on experimental statistical than systematic errors, we have constructed these two scenarios in such a way that one (SSM enhanced) may be accessible at Run 3 luminosities while the other (SSM wide) may be so only with HL-LHC data samples. Finally, we have verified that the residual theoretical systematic error associated with the NNLL accuracy of our results is always much smaller in comparison to the experimental ones. In short, at the LHC, wide Z scenarios may, on the one hand, no longer be elusive, thanks to a combination of σ and A FB measurements, and, on the other hand, be separable from one another, thanks to the stability of the distributions enabling such a separation against the dominant higher-order QCD effects.
